Gene therapy with insulin-like growth factor-1 (IGF-1) increases matrix production and enhances chondrocyte proliferation and survival in vitro. The purpose of this study was to determine whether arthroscopically-grafted chondrocytes genetically modified by an adenovirus vector encoding equine IGF-1 (AdIGF-1) would have a beneficial effect on cartilage healing in an equine femoropatellar joint model. Genetic modification of chondrocytes significantly increased IGF-1 mRNA and ligand production in repair tissue for up to nine weeks following transplantation. The gross and histological appearance of IGF-1 modified repair tissue was improved over control defects. Gross filling of defects was significantly improved at four weeks, and a more hyaline-like tissue covered the lesions at eight months. Histological outcome at four and nine weeks post-transplantation revealed greater tissue filling of defects transplanted with genetically modified chondrocytes, whereas repair tissue in control defects was thin and irregular and more fibrous. Collagen type II expression in IGF-1 gene-transduced defects was increased 100-fold at four weeks and correlated with increased collagen type II immunoreaction up to eight months.
The limited repair potential of adult articular cartilage continues to restrict rehabilitation following trauma. The considerable efforts which have been made to establish cell transplantation and tissue-engineered cartilage repair systems reflects the limited impact of local manipulation of cartilage and marrow elements. [1] [2] [3] [4] [5] Focal cartilage defects can occur subsequent to trauma or osteochondritis dissecans. [6] [7] [8] Various methods, such as microfracture, abrasion chondroplasty, and forage, have been used in attempts to stimulate the healing process, but none have been able to achieve predictable restoration of durable articular cartilage. 9 Focal chondral defects can negatively affect the cartilage surrounding it, and may lead to degenerative arthritis and pain. [10] [11] [12] Over 20 million people suffer from osteoarthritis in the USA alone, where annual medical costs exceed $60 billion. 10, [13] [14] [15] Chondrocyte transplantation is one of the more successful techniques used to treat cartilage defects in humans and in equine models. 1, 3, 8, 9, 16 Immature chondrocytes have been used in equine and other animal models because they improve cartilage repair, remain synthetically active, and can withstand harvesting and storage. 3, [16] [17] [18] Previous studies in horses, and investigations using smaller animal models have shown that chondrocyte implan-tation significantly improves cartilage repair compared with leaving defects empty or filling them only with biological matrices. 3, 13, 14, 16, 19, 20 Despite these improvements, the resulting hyaline-like tissue rarely extends through the entire thickness of the cartilage. Furthermore, it may require nine months to two years in humans and eight months or more in research animals before full activity can be resumed, and repairs frequently deteriorate over time. 3, 8 Insulin-like growth factor-1 (IGF-1) is arguably the most important anabolic growth factor for regulating chondrocyte metabolic functions in normal and diseased cartilage. [21] [22] [23] Its primary function in cartilage is to balance proteoglycan synthesis with matrix degradation to maintain functional cartilage. 23 We have previously shown that the transcriptional response of IGF-1 in cartilage defects is minimal at two and 16 weeks post injury. 24 The deficiency of this crucial growth factor may contribute to the lack of healing response following articular cartilage injury, and play a role in precipitating osteoarthritic degradation. [25] [26] [27] [28] [29] We have also previously shown that adding exogenous IGF-1 improves or 'rescues' the repair process by stimulating matrix production, type II collagen synthesis, and preservation of the chondrocyte phenotype. 5, [30] [31] [32] Given the temporal flux in IGF-1 expression, combined with its ability to augment proteoglycan and type II collagen production, it is apparent that early and extended IGF-1 supplementation would enhance matrix synthesis in transplanted chondrocytes, and potentially also influence chondrocytic differentiation of cells originating from the subchondral bone pool, both mechanisms that are likely to accelerate articular cartilage healing.
Genetically modifying chondrocytes prior to transplantation can induce IGF-1 protein production. We have shown that chondrocytes and synoviocytes cultured in vitro can be genetically modified with a single exposure to adenoviral IGF-1 constructs (AdIGF-1). 32, 33 AdIGF-1 modification of chondrocytes induced a significant increase in IGF-1 mRNA expression, concomitant secretion of therapeutic IGF-1 ligand concentrations for at least 28 days, and resulted in increased matrix biosynthesis and maintenance of the chondrocyte phenotype. 32 Studies in rabbits also suggest that IGF-1 gene transduction of chondrocytes using non-viral mechanisms enhances some of the histological repair characteristics of cartilage defects implanted with transduced cells. 34 Previously we have reported that ex vivo gene modification of chondrocytes is highly compatible with the technical aspects of cartilage biopsy collection and chondrocyte isolation for culture prior to transplantation, and that such modification can improve cartilage repair. 35 In the present study we investigated the use of chondrocytes genetically modified to over-express IGF-1 for the enhancement of cartilage repair.
Compared with other animal models, the equine cartilage defect repair model is particularly relevant to cartilage healing in humans. The thickness of equine cartilage, including the thickness of the calcified cartilage and the subchondral bone plate, is closer to that of humans than any other animal used for experimental studies of cartilage repair. 36 Furthermore, arthroscopic joint surgery has largely replaced arthrotomy in the horse, just as it has in humans. Also, the horse is the only species other than human that currently undergoes clinical chondrocyte transfer therapy. 37 Critical-sized defects in the equine model are reported to be approximately 6 mm to 9 mm in diameter, 38, 39 and 12 mm to 15 mm defects have typically been used in studies of chondrocyte grafting. The biochemical, histological and biomechanical characteristics of equine repair and cartilage tissue are particularly well defined. 5, 11, 16, [40] [41] [42] These considerations make the equine model particularly relevant to human chondrocyte transplantation and cartilage repair.
The purpose of this study was to determine, in a large animal model, whether chondrocytes genetically modified with AdIGF-1 would have a beneficial effect on cartilage healing, based on the histological, morphological, biochemical and molecular characteristics of the repair tissue and the surrounding adjacent cartilage. We hypothesised that the transplantation of AdIGF-1-modified chondrocytes into large defects on the femoral trochlea of horses would induce elevated IGF-1 expression in repair tissue for substantial periods; that elevated IGF-1 expression would result in increased collagen type II and aggrecan expression in the repair tissue; and lastly that the molecular changes induced by AdIGF-1-modified chondrocytes would accelerate the healing properties of cartilage repair tissue compared with repair tissue implanted with naive chondrocytes.
Materials and Methods
Adenovirus vector. A recombinant adenoviral vector carrying an 888-bp segment of equine IGF-1 cDNA (AdIGF-1) was constructed by Cre-lox recombination and propagated in a transformed embryonic kidney cell line, as described previously. 43 The AdIGF-1 vector was an E1-, partial E3-construct based on the Ad serotype 5 genome, and contained the cytomegalovirus immediate/early promoter enhancer, the 888-bp IGF-1 sequence encoding the entire equine prepropeptide, and the IGF-1A carboxylterminal extension peptide and the SV 40 polyA signal. 44 Viral particles were propagated and purified. 32 The total viral titre was determined spectrophotometrically, and infectious titre carrying the IGF-1 transgene was estimated to be 1% of this total. Chondrocyte harvest and graft preparation. Chondrocytes from articular cartilage were harvested from the femoropatellar joints of neonatal male foals (one to two days old) at postmortem, and kept frozen in liquid nitrogen until ready for use. 45 Preparation of the graft with adenovirusmodified chondrocytes was performed as previously described, 35 except that the cells were incubated with 20 000 infectious units per cell (200 multiplicity of infection) AdIGF-1 for four hours, or as a control with no virus. This dose of AdIGF-1 has previously been established as optimal for therapeutic gene transfer to equine chondrocytes. 32 After genetic modification, chondrocytes were suspended in fibrinogen that was harvested from plasma collected from each horse undergoing experimental surgery. 3 The suspension of transduced chondrocytes and autogenous fibrinogen was polymerised within the created cartilage defect at the time of the surgical procedure using calcium-activated bovine thrombin (500 U/ml, Sigma, St Louis, Missouri). Operative procedure. A total of 16 normal adult horses (all female), between two and six years old (mean 4 years), underwent experimental cartilage repair using a protocol approved by the Institutional Animal Care and Use Committee. Synovial fluid was withdrawn and bilateral femoropatellar joint arthroscopy and chondrocyte grafting was performed as previously described, 3, 31 except that genetically-modified chondrocytes were used in one limb (randomly chosen) and naive (unmodified) chondrocytes were placed into the defect in the contralateral limb. Each horse served as its own control. The 15 mm diameter experimental defect in the lateral trochlear ridge extended down to, but not through, the subchondral bone. Specifically, a 15 mm diameter fluted spade-bit cutter with a sharpened perimeter skirt (Special Devices, Grass Valley, California) was inserted into the joint using a protective steel sleeve, then placed flat onto the lateral trochlear ridge, and the hyaline and calcified cartilage was removed in its entirety using frequent arthroscopic verification of the depth of the defect. Any residual cartilage tags or calcified cartilage at the perimeter of the defect were carefully removed with a small curette to leave a smooth bone surface. The subchondral bone surface was then dried using CO 2 gas and approximately 2 x 10 7 cells in 0.5 ml of fibrinogen were injected into the defect until the fibrin graft completely filled the defect to the level of the surrounding normal articular cartilage.
Peri-operative pain management included morphine delivered through an epidural catheter, and the nonsteroidal anti-inflammatory agent phenylbutazone. The horses were observed for any signs of pain or lameness. No exercise was allowed for the first six weeks post-operatively. Thereafter, the rehabilitation protocol consisted of increasing intervals of walking for five weeks, followed by unlimited pasture exercise. Standard cytological examination was performed on synovial fluid obtained from both femoropatellar joints just prior to surgery and on days four, seven, 14 and 28 post-surgery. Gross evaluation and specimen collection. Animals were killed by an overdose of barbiturate at four weeks (four horses), nine weeks (four horses), and eight months (eight horses). The femoropatellar joints were removed, overlying tissues dissected aseptically, and the lateral and medial trochlear ridges exposed and examined. The gross appearance of the repair tissue was evaluated by two investigators (AJN, CH) who were unaware of the treatment group. A composite healing score was given based on six categories (Table I) . Each category was also evaluated independently. Scores from both evaluators were averaged for statistical analysis.
Tissue collection from various sites within the joint was identical for each time point, with the addition of a 5 mm punch biopsy of cartilage from the lesion, the surrounding cartilage (perilesion: tissue within a 10 mm circumference of the lesion), and remote cartilage (taken from the medial trochlear ridge) for proteoglycan assay in eight-month samples. For all joints, lesion, perilesion and remote tissue was collected, snap frozen in liquid nitrogen, and kept frozen at -80˚C for later RNA analysis and biochemical assays. A 3 × 10 mm segment of synovial membrane and underlying capsule from the cranial (or lateral) aspect of the femoropatellar joint was removed and fixed in 4% paraformaldehyde. Lastly, a 5 mm × 20 mm osteochondral block was collected through the central third of the lesion, extending 3 mm to 5 mm into the perilesional tissue for histological, histochemical, immunohistological and in situ hybridisation studies. This specimen was fixed in 4% paraformaldehyde and decalcified in 10% ethylenediamine-tetra-acetic acid (EDTA).
Histological, histochemical, immunohistological and in situ
hybridisation studies. The osteochondral blocks of repair tissue were embedded in paraffin, sectioned at 6 µm, and stained with haematoxylin and eosin to evaluate tissue morphology, and with toluidine blue to assess the distribution of proteoglycan in the pericellular matrix. The synovial membrane and sections of decalcified cartilage-bone were evaluated by two investigators (AJN, CH) unaware of the treatment group, using various parameters (Table II) . For each tissue type, the total scores from the two evaluators were averaged for statistical analysis. In situ hybridisation. The presence and spatial distribution of IGF-1 and type II collagen mRNA was evaluated by in situ hybridisation. 46, 47 Briefly, radiolabelled probes ([   35   S ]-uridinetriphosphate-labelled) were synthesised from a genetic sequence of 201 base pairs of cDNA encoding exons 1 to 7 of equine type IIB procollagen mRNA, corresponding to positions 138 to 339 of the available equine gene published in GENBANK 48 (accession number U62528). Equine-specific IGF-1 riboprobes were generated from a 270-bp cDNA encoding exons 1 to 3 of equine IGF-1A precursor mRNA, corresponding to positions 1 to 270 of the available equine coding sequence (GENBANK accession number U85272). After stringent washing, sections were dehydrated, dipped in Nuclear Track (NT)B-2 emulsion (Eastman Kodak, Rochester, New York), and exposed for 14 days. The sections were counterstained with haematoxylin, examined under light and dark-field microscopy, and assigned a score based on intensity of hybridisation to the antisense probe (Table III) .
Immunohistochemistry. The presence of IGF-1 ligand and type II collagen was assessed by immunohistochemistry. Sections were treated with 5 µg/ml of testicular hyaluronidase at 37˚C for 60 minutes, and endogenous peroxidases were exhausted with hydrogen peroxide and methanol. After blocking with normal goat serum, sections were incubated with polyclonal rat anti-bovine type II collagen primary antibody (1:100) (courtesy of Dr Michael Cremer, Veterans Administration Hospital, Memphis, Tennessee) or rabbit anti-IGF-1 antibody (Gro-Pep, Adelaide, Australia). Secondary antibody (supersensitive multilink: BioGenex, San Ramone, California) was applied, followed by streptavidin-conjugated peroxidase label (BioGenex) to catalyse chromagen development in diaminobenzidine tetrachloride (DAB from Sigma-Aldrich, St Louis, Missouri; other immunohistochemistry reagents from BioGenex). The Total score for each sample = score 1 + score 2 sections were counterstained with haematoxylin and assigned a score based on the surface area stained and the intensity of staining (Table IV) . Biochemical analyses. Frozen repair tissue, cartilage from the perilesional area (5 mm width) and cartilage remote from the lesion (medial trochlear ridge) were pulverised in liquid nitrogen in a freezer-mill (6750 Freezer Mill, Spex Certiprep, Metuchen, New Jersey), lyophilised, and portions used for glycosaminoglycan (GAG) and type II collagen assays. Proteoglycan content was determined by GAG assay of tissues harvested at eight months (insufficient tissue was available from the four-and the nine-week time points) using the dimethylmethylene blue (DMMB) spectrophotometric method on papain-digested tissue from the lesion, perilesion and remote cartilage. Known concentrations of chondroitin-4-sulphate were used to establish a standard curve. 49 Each sample was run in duplicate to ensure minimal variability.
The content of collagen type II was assessed in 3 mg to 4 mg of each lyophilised sample by cleavage in cyanogen bromide and separation of cleaved peptides characteristic of type I and type II collagen on a 12% polyacrylamidesodium dodecylsulphate gel (SDS-PAGE). Varying proportions of purified equine collagen type I and type II cleaved peptides were also run on SDS-PAGE to construct a standard curve. The percentage of type II collagen was calculated based on the relative optical intensity of the collagen type-I [α2(1)CB3,5] and type-II [α1(II)CB10] peptide bands. 50 Each sample was run in duplicate to minimise variability. Gene expression. In order to analyse gene expression, tissues from the defect, perilesional and remote areas were pulverised in a freezer-mill, and total RNA was isolated using the Trizol guanidinium chloride-phenol extraction method (Life Technologies, Grand Island, New York) with subsequent purification over RNeasy columns (Quiagen, Valencia, California). Purity and concentration were assessed by agarose gel electrophoresis and UV spectrophotometry. Gene expression was quantified by real-time PCR using the Taqman One-Step RT-PCR technique, and AmpliTaq Gold DNA polymerase (Absolute Quantitative PCR; ABI PRISM 7900 HT Sequence Detection System, Applied Biosystems, Foster City, California). Expression levels of IGF-1, collagen IIB, and collagen I mRNA were quantified on lesional, perilesional and remote samples at four weeks, nine weeks and eight months. Expression levels of matrix metalloproteinase-1 (MMP-1 also known as collagenase 1), MMP-3 (stromelysin), MMP-13 (collagenase 3), tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) TIMP-3, and aggrecanase-1 (a disintegrin and metalloprotease with thrombospondin-like repeat or a disintegrin-like and metalloprotease domain (reprolysin-type) with thrombospondin type 1 motifs (ADAMTS-4) mRNA were quantified on lesional, perilesional and remote samples at four and nine weeks only. All samples were run in duplicate, and duplicates did not vary more than 0.004% to 0.007% in value. The equine primers and dual-labelled fluorescent probe [6-carboxyfluorescein (FAM) as the 5' label (reporter dye) and 5-carboxytetramethylrhodamine (TAMRA) as the 3' label (quenching dye)] were designed using Primer Express Software Version 2.0 (Applied Biosystems, Foster City, California). The total copy number of mRNA was obtained for each gene of interest from a previously validated standard curve, and these values were normalised to 18S RNA expression. In addition, a standard curve was performed for each gene at the same time of analysis. Synovial fluid analysis. Total and differential leucocyte count and synovial fluid smear analyses were performed by routine Coulter (Beckman Coulter Inc., Fullerton, California) counting and assessment of Giemsa-stained (LIDE Laboratories Inc., Florissant, Missouri) smears, respectively. Statistical analysis. A paired t-test was carried out on all parametric data at each four-week, nine-week, and eightmonth time point. Wilcoxon's signed rank test was performed on all non-parametric data. Results are expressed as a mean for four samples per group at the four-and nineweek time points, and as a mean for eight samples per group at the eight-month time point. Significance was determined when p < 0.05. Results IGF-1 expression. IGF-1 mRNA expression was ten times higher in repair tissue from lesions treated with AdIGF-1-genetically modified chondrocytes than in defects repaired with naive chondrocytes at four weeks (Fig. 1a, p =0 .0498). Mean IGF-1 mRNA expression at nine weeks (Fig. 1b) and eight months (Fig. 1c) was highest in the lesion and lowest in the remote tissue from the lesion for both time points, but no difference in IGF-1 expression was noted between treated and control repair tissues. Expression of IGF-1 mRNA was localised in the repaired lesions by in situ hybridisation. At four weeks IGF-1 expression was apparent throughout the depth of the AdIGF-treated repair tissue. In contrast, IGF-1 mRNA was expressed primarily at the base of the control defects. At nine weeks and eight months, the intensity of cell-specific hybridisation in the repair tissue of the defects was similar between the treated and control groups.
At four and nine weeks AdIGF-1 genetically modified repair tissue also tended to show more IGF-1 immunoreactivity than naive controls (Figs 2a to 2d, p = 0.06). At eight months, IGF-1 staining intensity was similar for both treated and control defects (Figs 2e and 2f) . Collagen type II expression. Collagen type II mRNA expression in AdIGF-1-modified repair tissue was 100 times higher than in naive chondrocyte repair tissue at four weeks (Fig. 3a , p = 0.0183). At nine weeks and eight months, no significant difference was found between the groups for collagen type II expression (Figs 3b and 3c) .
Collagen type II immunoreaction at four and nine weeks appeared increased in AdIGF-1 treated repair tissue (Figs 4a to 4d), and associated scores confirmed a trend toward Quantitative polymerase chain reaction (PCR) data showing collagen type II mRNA expression in joints repaired with treated or naive chondrocytes at a) four weeks, b) nine weeks and c) eight months. Collagen type II expression was significantly improved in adenovirus insulinlike growth factor-1 (AdIGF-1)-transduced defects at four weeks, and tended to be higher than in naive implanted defects at nine weeks (* p < 0.05). (18S RNA, 18S ribosomal ribonucleic acid). The percentage of collagen type II at four weeks was ten times higher in the AdIGF-1 repair tissue (mean 16%, SD 11.6) than in naive repair tissue (1.75%, SD 3.5; p = 0.06). In each horse the percentage of type II collagen was higher in the AdIGF-treated group than in the controls; however, variability was high, and differences at nine weeks (AdIGF-1 repair mean 13.0%, SD 11.1; naive repair mean 6.3%, SD 5.6; p = 0.25) and eight months (AdIGF-1 repair mean 26.9% SD 10.0; naive repair mean 22.6%, SD 12.9; p = 0.07) were not statistically significant. Gross morphological and histological outcome. Increased expression of IGF-1 and collagen type II in genetically modified repair tissue correlated with improved gross (Fig. 5 ) and histological outcomes (Fig. 6) . Individual parameter and composite scores are presented in Table V . At nine weeks, filling of lesions repaired with AdIGF-1-modified chondrocytes (Fig. 5g) , was more extensive and continuous than tissue in the control defects (Fig. 5h) . Improved filling at nine weeks was also reflected in the cross-sectional filling score, which was improved in the AdIGF-1-treated group compared with the controls (Table V; p = 0.090). The overall gross examination scores also indicated a trend towards improved healing in the AdIGF-1 group compared with the controls (p = 0.06). At eight months, lesions repaired with AdIGF-1-modified chondrocytes had a significantly greater area covered with hyaline repair tissue than lesions repaired with naive chondrocytes (Table V; p = 0.0240). Repair with AdIGF-1-modified chondrocytes led to the development of hyaline-like tissue filling the lesion (Fig. 5i) , in contrast to the controls, which were cavitated and contained yellowish repair tissue (Fig. 5j) .
Histological examination at four and nine weeks (Figs 6a and 6c) and histological scores (Table VI) revealed a trend towards greater defect filling for lesions repaired with AdIGF-1-modified chondrocytes compared with scores from lesions containing naive chondrocytes (Figs 6b and 6d) (Table VI; p = 0.06). A tendency for more fibrous filling was detected in control lesions, with the AdIGF-1-modified repair tissue tending to appear more cartilage-like at four and nine weeks. At eight months (Figs 6e and 6f) , similar morphological findings were observed in both treated and control defects ( At four weeks, perilesional tissue next to control defects had a significantly higher aggrecanase-1 level than that surrounding AdIGF-1-modified defects (p = 0.0498). All other genes were found to have similar levels of expression in similar samples from the two treatment groups. Synovial fluid analysis. Synovial fluid total white blood cell counts four days after surgery revealed a small increase of 4000 cells/µl (SD 1000) in joints, regardless of whether they were repaired with genetically modified or naive chondrocytes. No white blood cell differences were apparent between AdIGF-1 and naive chondrocyte-implanted joints. At seven days after surgery, the counts in all joints were similar to pre-operative levels.
Discussion
Genetic modification of chondrocytes by IGF-1 gene transduction prior to transplantation cartilage resurfacing significantly increased IGF-1 transcriptional activity in repair tissue. Based on quantitative polymerase chain reaction (qPCR) and IGF-1 in situ hybridisation studies, this persisted for four to nine weeks following chondrocyte transplantation. Furthermore, IGF-1 protein levels defined by immunohistochemistry were greater in genetically modified defects at four and nine weeks. Enhanced IGF-1 transcription and translation appeared to significantly upregulate collagen type II expression (by 100-fold at four weeks), which persisted to affect type II collagen immunostaining for as long as eight months. Quantitative collagen type II assays supported immuno scores and collagen qPCR data, with strong trends toward elevated collagen type II at four weeks and eight months. The gross and histological outcome of genetically modified repair tissue also appeared to be improved over control defects. Gross filling of defects was significantly increased at four weeks, and a more hyaline-like tissue covered the lesions at eight months. Histological outcome correlated well with gross evaluation. IGF-1 expression. IGF-1 is the major cartilage growth factor that balances anabolic and catabolic mechanisms in chondrocytes to maintain articular cartilage matrix. 22, 23 These experiments examined the hypothesis that IGF-1 gene transduction of chondrocytes immediately prior to implantation into cartilage defects would provide a prolonged drive to chondrocyte function and cartilage repair. The quantitative PCR results in this study, along with the in situ data, indicated a robust induction of IGF-1 mRNA transcription in the defects treated with genetically modified cells at four weeks. The expression level of aggrecanase-1 was significantly lower in the perilesional tissue surrounding the AdIGF-1-treated defects than in controls. A recent study has shown the key role of aggrecanase-1 in an experimental model of arthritis. 51 The ability of IGF-1 to drive chondrocyte synthesis of matrix components and modulate the detrimental actions of a number of inflammatory mediators has been well documented. 24, [52] [53] [54] The levels of IGF-1 measured in the healing defects of AdIGF-1-treated repairs were significantly increased compared with controls, and there was a trend to higher levels in perilesional cartilage adjacent to genetically treated defects. This may have had a major role in reducing aggrecanase-1 levels in adjacent cartilage. The ability of IGF-1 to act in an autocrine/paracrine fashion is well documented, and, we suggest, may have influenced IGF-1 and aggrecanase-1 expression in adjacent cartilage. 55, 56 Antibody staining confirmed that the upregulation of IGF-1 mRNA expression correlated with the presence of IGF-1 protein in the repair tissues. Although a statisticallysignificant increase in anti-IGF-1 antibody staining was not achieved, the trend was strong (p = 0.06), supporting our mRNA data. Increased IGF-1 mRNA expression in the AdIGF-1-treated group appeared to persist for up to four weeks, with subsequent protein expression throughout nine weeks. This length of transgene expression is typical for adenoviral vectors that do not integrate vector or transgene DNA into the host genome. The period of expression was also similar to that for adenovirus-mediated expression of bone morphogenetic protein-7 in the same equine model, 35 and in other animal models. 57, 58 Cellular and humoral immune responses also limit transgene expression, 59 which is well illustrated in immunodeficient mice, where considerably longer term gene expression results from a single administration of replication-defective adenovirus. 60, 61 IGF-1 upregulation at four weeks correlated with elevated collagen type II mRNA. Measurements of the ratio of type II to type I collagen at four weeks were also consistent with an increase in type II collagen. We and others have pre- Morphology of osteochondral sections after repair of equine cartilage defects at a) and b) four weeks, c) and d) nine weeks and e) and f) eight months, with a), c) and e) genetically modified chondrocytes or b), d) and f) naive chondrocytes. Scores revealed that defects repaired with genetically modified chondrocytes had improved filling of the defects at four and nine weeks (p = 0.06, bar = 5 mm). Arrows depict the interface between repair and perilesional tissue. Proteoglycan content in the genetically modified repair tissue was not increased over the control repair tissue at eight months. Despite this finding, increased filling of the defect was detected. Therefore, although the proteoglycan density per milligram of tissue was similar, overall there may have been higher amounts of GAG in defects that had greater filling. AdIGF-1-enhanced cartilage repair. Upregulation of IGF-1 in chondrocytes also improved cartilage defect repair by increasing defect filling. Cross-sectional filling on gross sections was improved in the AdIGF-1-treated group at nine weeks. Our results are in agreement with a study by Madry et al 54 in which an increase in tissue thickness was reported after bovine chondrocytes over-expressing IGF-1 were transplanted onto cartilage in culture. In that study, IGF-1 over-expression in chondrocytes resulted in tissue that was 77% thicker than control tissue (untransduced chondrocytes). The increase in thickness was attributed to increased cell proliferation, as the cell-to-matrix ratio was no different in tissue derived from untransduced chondrocytes. Because cell proliferation was not determined in our study, we cannot directly attribute the increase in thickness at the early time point to greater cell proliferation; however, this certainly should be considered a contributing factor. The gross increase in thickness was also confirmed by histological analysis, which showed a strong trend toward greater defect filling in the genetically modified repair tissue at four and nine weeks. Importantly, cells within the genetically modified repair tissue at four and nine weeks more closely resembled a chondrogenic phenotype than the fibrocartilaginous-like cells within the control tissue. Gene-enhanced chondrogenesis in AdIGF-1 tissue at four, and to some extent nine weeks, was confirmed by elevated collagen type II gene expression, immunohistochemistry and quantitative collagen assays. Adenoviral vectors have been shown to incite an inflammatory response in various tissues. [64] [65] [66] [67] In an attempt to characterise inflammation due to the adenoviral vector construct, the cell graft itself, or both, a comparison of mRNA expression of several inflammatory molecules, including MMP-1, MMP-3, MMP-13 and aggrecanase-1, was made using quantitative PCR. These catabolic agents have been shown previously to have a primary role in cartilage inflammation and degradation. [68] [69] [70] No differences in inflammatory agent mRNA expression were noted in the naive chondrocyte-implanted or AdIGF-1-transduced repair tissue. However, in perilesional cartilage, aggrecanase-1 mRNA expression at four weeks was found to be higher in naive implanted than in AdIGF-1-treated joints (p = 0.0498). This may reflect a protective effect of IGF-1 in genetically modified joints. Although this effect has not been described previously, simply creating the cartilage defect in this model has biochemical and biomechanical consequences for perilesional cartilage 3, 5, 11, 31, 42 and IGF-1 over-expression may 'protect' against the release of degradative molecules such as the MMPs that result from osteochondral wound creation and subsequent healing.
The control group in the present study comprised defects repaired with naive chondrocytes, rather than empty defects or vehicle-based controls. However, previous studies by our group provide an abundance of historical control data that support our present findings regarding the improvement of repair with AdIGF-1-modified chondrocytes. The present study revealed that IGF-1 genetically modified chondrocytes can successfully over-express IGF-1 and accelerate the early formation of hyaline-like cartilage. However, less substantial benefit at eight months suggests that a different IGF-1 release profile or gene-induced expression for a longer period may further improve the results at eight months. In addition to the well-established history of this equine model, it also offers another important benefit compared with other animal models when considering their relevance to human cartilage repair. Whereas animals such as rabbits and sheep, which are often used for studies of cartilage repair, have extremely thin subchondral bone plates, the subchondral plate of the horse is thick (0.4 mm to 0.6 mm), and most closely approximates that in humans. 36 This means that, unlike studies in rabbit or sheep, where removal of the calcified cartilage can result in variable penetration into the marrow space, studies in the equine model present a much more consistent initial defect that goes down to, but never through, the subchondral plate. Preservation of the subchondral plate produces a highly reproducible defect.
In conclusion, AdIGF-1 treatment induced elevated IGF-1 mRNA and protein expression in the repair tissue for at least four weeks, and this expression was associated with an upregulation of type II collagen mRNA expression for four weeks and protein expression for up to eight months. These effects appeared to accelerate some of the healing characteristics objectively measured morphologically and histologically. Differences at eight months were not as great as those at the four-and nine-week time points. Although immunohistochemistry revealed an elevated type II collagen content and there was an improved gross appearance at eight months, quantitative assay of type II collagen at eight months was not significantly increased. A limitation to clinical application defined by this study may be the duration of IGF-1 expression. Benefits of IGF-1 were apparent primarily at the earlier time points, with IGF-1 upregulation lasting for four to nine weeks (mRNA and ligand elevations, respectively). Recent vector application developments, such as adenoassociated vectors, may further increase the magnitude and longevity of IGF-1 protein expression and warrant further investigation in future studies. No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
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